Introduction
Glasses containing heavy non-transition metal oxides give rise to high refractive indices [1] [2] [3] and non-linear optical properties [4] . Therefore glasses made with PbO, Bi 2 O 3 and TeO 2 additions to other glass formers like B 2 O 3 have been at the focus of several research investigations. Bi 2 O 3 rich glasses are good c-ray absorbers and have been candidates for use in scintillation detectors in high energy physics [5] [6] [7] [8] . Bi 2 O 3 containing glasses are also good precursors for the preparation of ceramic high T c superconductors [9] [10] [11] . Tellurite glasses have special applications such as in making IR domes, laser windows and other optical devices [12] [13] [14] [15] . It is very well known that glasses containing PbO exhibit high refractive indices and low crystallization tendency [16] . They are also low melting glasses with low glass transition temperatures. A preferred host glass for the addition of the above oxides in several investigations has been B 2 O 3 [1, 17] . B 2 O 3 is a good glass former and is a primary component of many large volume industrial glasses including those used in nuclear waste disposal [18] [19] [20] . We have investigated in this paper sodium lead borate, sodium bismuth borate and sodium tellurium borate glasses. B 2 O 3 exhibits unique structural features. Boron is generally present in both trigonal and tetrahedral coordination of oxygen [21] [22] [23] . The proportion of trigonal and tetrahedral boron depends on both the chemistry and concentration of the added modifier oxides. PbO behaves both as a network former and as a network modifier in glasses [24] [25] [26] [27] [28] . This role seems to be a function of PbO concentration in the glass. When PbO acts as a network former, Pb atoms generally take up four coordinating positions and the lead oxygen polyhedron can be represented as [PbO 4/2 ] 2À [29] . Formation of [PbO 4/2 ] 2À requires additional oxygen atoms which are made available through other mechanisms (see later). TeO 2 also exhibits two structural motifs in glasses; [TeO 4/2 ] 0 which has a trigonal bipyramidal (tbp) and [TeOO 2/2 ] 0 which has a trigonal pyramidal (tp) structure. Trigonal pyramidal units form chains while [TeO 4/2 ] 0 tbp units lead to three-dimensional structures [30] . Bismuth from Bi 2 O 3 generally tends to occupy octahedral positions in glass structure [31, 32] . The additional oxygens required for octahedral coordination of Bi are provided by the oxygen atoms in the host matrix through non-bonding coordination, because . Therefore their additions affect the oxygen to metal atom ratios in the resulting glasses even when their molar percentages are kept equal. Also, all the three atoms, Pb, Bi and Te carry lone pairs in their bonded states. Presence of lone pairs leads to unique structural chemistry, since lone pairs can be stereochemically active and behave as if the lone pairs substitute for a ligand. Lone pairs are also a readily available source of polarizable electrons and are known to affect adversely mobilities of carrier ions like Li + [33] . Boron, on the contrary is electron deficient which accounts for its some what ready acceptance of bonding pair of electrons from oxide ions during trigonal to tetrahedral conversion. Therefore in the system of glasses investigated here, we may consider that B 2 O 3 is present with one of the three oxides, PbO, Bi 2 O 3 or TeO 2 and it is combination of an electron poor and electron rich atoms in the glass structure. In such a glass when a modifier oxide (Na 2 O) is added, the oxide ion of the modifier may either be preferentially attracted towards [BO 3/2 ] 0 units leading to the formation of tetrahedral borate units or it may be taken up by the PbO, Bi 2 O 3 or TeO 2 for forming network structures. Correspondingly the connectivities in the structure get affected in a major way which should manifest in the mechanical properties of the resulting glasses. Investigation of the mechanical properties of such glasses is an important objective of this paper.
In order to sharpen the focus of this investigation, we have kept the ratio of alkali to B 2 O 3 in our glasses as 1:2 (diborate) which is well known to consist of tightly bound units of diborate groups in which equal number of trigonal and tetrahedral boron atoms are present [21, 22] . It would appear that when a second glass forming oxide is present in such a diborate glass all of the O 2À ions of Na 2 O in the system may not be made available for B 2 O 3 . Or, if the second oxide behaves like a modifier, the O 2À ion concentration may exceed the requirement for the diborate composition. In either case trigonal to tetrahedral boron ratio is expected to decrease from its peak value of 1.0 expected of diborate glass. The result is network degradation (covalent connectivities decrease) which affects the mechanical properties, particularly the shear moduli or the 'stiffness' of the glass.
Further, to make some of the correlations more meaningful, we have studied other properties such as variation of molar volumes, glass transition temperatures, infrared (IR-mid range) and high resolution magic angle spinning nuclear magnetic resonance (HR MAS NMR) spectra of the glasses as a function of composition. Elastic moduli, Poisson's ratio and Debye temperatures have been calculated using ultrasound velocity measurements. The observed properties have been shown to be consistent with a structural model in which the stability or degradation of the diborate units is considered as central to the observations. In the next and the subsequent sections, the experimental procedures adopted in the present studies, the results obtained and discussions of the observations are presented. In the last section, our observations are summarized.
Experimental procedures
Three glass systems have been prepared for our studies in which the amounts of the oxides, PbO, Bi 2 O 3 and TeO 2 , have been varied as xNa 2 
} actually correspond to diborate, we have the equivalent pseudo-binary system, (1 À y)Na 2 B 4 O 7 -yM a O b where (1 À y) = x/(1 À 2x). y in the above compositions have been varied from 0.25 to 0.79.
The series of glasses have been designated as pseudobinary NBP (sodium diborate-lead oxide), NBB (sodium diborate-bismuth oxide) and NBT (sodium diborate-tellurium oxide) respectively. Reagent grade H 3 BO 3 , TeO 2 , Bi 2 O 3 , PbO and Na 2 CO 3 AE H 2 O were used as the starting materials. The starting materials were weighed in required proportions and approximately 20 g batches of the mixtures were thoroughly mixed and heated in a porcelain crucible at 450°C for half an hour to remove water and then the temperature was raised to gradually 1200°C during which CO 2 is also removed. The batches were melted between 900°C and 1200°C depending on the composition. Cylindrical glass samples were obtained by quenching the melt into brass moulds pre-heated ($120°C) to avoid cracking of the samples due to thermal strains. Later, the samples were annealed by holding them just below their glass transition temperatures for 6 h and slowly cooling them to laboratory temperature. Samples were later cut and polished (under dry condition using silicon carbide powder nos. 320 and 400, Carborundum, Manchester-17, UK) to obtain end faces parallel and flat in a manner suitable for ultrasonic measurements (thickness of about 1 cm). 0.21Na 2 B 4 O 7 -0.79PbO/Bi 2 O 3 glasses were yellowish in colour. Glasses were quite stable in air and did not exhibit any hygroscopicity. However slight loss of PbO and Bi 2 O 3 during homogenization of the melt at 1000-1200°C for few minutes could not be ruled out. The composition given in Table 1 refers to the nominal composition (the starting mixture).
The glassy state of the samples was confirmed using Xray diffraction (absence of crystalline reflection). Density measurements were performed using the Archimedes technique with toluene as reference immersion liquid. The accuracy of the measurement was ±0.005 g cm À3 . The molar volume, V m was calculated using the relation V m = M/q, where M is the molar weight and q is the density of the glass.
The room temperature ultrasonic measurements were performed at 10 MHz using x-cut and y-cut quartz transducers. Salol (phenyl salicilate) was used to bond the transducers to the samples. Sound velocities were determined by pulse superposition method using Ultrasonic Interferometer (System Dimensions, Bangalore, India). The round trip delay time (s) was measured [34] using a Hewlett-Packard model 54600B oscilloscope. By measuring the thickness of the sample (d), longitudinal (v l ) and transverse (v t ) velocities were calculated using the relation v = 2d/s. Elastic moduli were calculated using the following standard relations:
Young's modulus; E ¼ ð1 þ rÞ2G ð4Þ
The mean sound velocity v m defined by the relation
was used in the calculation of Debye temperature, h D using the expression
The room temperature infrared absorption spectra of the glass systems were recorded in KBr pellets on a Perkin Elmer (PE 580) Spectrometer. Glass transition temperature (T g ) of the samples were determined using a differential scanning calorimeter (Perkin-Elmer DSC-2). A heating rate of 10°/min was employed. The T g was taken to correspond to the point of intersection of the linearly extended arms of the rising part of the endothermic elbow.
11 B MAS-NMR spectra of the powdered glass samples were recorded on Bruker MSL 300 Solid State High Resolution NMR Spectrometer operating at 96.28 MHz. Sample spinning speeds were generally 7 kHz. The chemical shift values were recorded with respect to the 11 B resonance signal in trimethyl boron and the measurements were made at room temperature (298 K).
Results
The compositions of the glasses, their codes and their glass transition temperatures are listed in Table 1 . X-ray diffraction patterns of the glasses (not shown) did not reveal any sharp peaks. Only broad humps were observed typical of amorphous materials. All the results are presented as a function of y (mol% of M a O b ) treating the glass as pseudo-binary ( 
The values of the density (q), molar volume (V m ) and the packing density (V p ) are listed in Table 2 . V p values were calculated using the formula, V p ¼ ð1=V m Þ P i V i x i where V i is the packing factor of oxide A m O n and is given by
O where R A and R O are the Pauling ionic radii of metal and oxygen ions, respectively [35] [36] [37] . Densities of all the glasses (NBP, NBB and NBT) increase with increase in the concentration of PbO, Bi 2 O 3 or TeO 2 while their molar volumes decrease. In NBT series, density increases from 2.71 to 3.74 g/cm 3 (38%) as y is increased from 0.25 to 0.79 and the molar volume also decreases 36.1% (70.41-45 .01 cm 3 ) in comparison to NBP and NBB glasses. This is more clearly evident in Fig. 1(a) and (b) .
The velocities (v l and v t ) in NBP series show a monotonic decrease with the addition of PbO as shown in Fig. 2(a) and (b) up to y = 0.67 and thereafter it increases slightly. Similar velocity trend is observed in NBB glasses also. But in NBT glasses the decrease is monotonic in the entire range of y. Elastic moduli are listed in Table 3 . The behaviour of K and G is shown in Fig. 3 (a) and (b). In NBP series, K and G decrease with the concentration of PbO till about 60 mol% PbO above which they seems to increase steeply. In NBB glasses, the variation of K and G is similar but less pronounced compared to NBP glasses. There is a significant increase above 67 mol% Bi 2 O 3 . In NBT glass there is only a slight increase in K above 67 mol% TeO 2 but G continuous to decrease. The literature values of K and G for the sodium diborate glass (y = 0) have been joined to the NBP, NBB and NBT lines with dotted lines. The behaviour of L and E are similar to those of K and G in all glass systems. The Poison's ratio (Fig. 4 ) exhibits a shallow minimum in NBT glasses around 50 mol% TeO 2 whereas it exhibits a shallow maximum in NBP and NBB glasses around 67 mol%. However the variation of r in both NBT and NBB glasses has a very small range. We may also note that the sodium diborate glass has a r value of 0.27 and smooth extrapolation of the lines connects this point on the y-axis. NBP and NBB glasses also seem to exhibit very shallow minima in r curves.
The behaviour of h D of the glasses is shown in Fig. 5 . h D decreases in all the three series, NBP, NBB and NBT glasses with increase in y continuously, but in NBP and Table 2 The code, density (q), molar volume (V m ), packing density (V p ) and fraction of four coordinated boron (N 4 ) for all the glasses studied À frequencies and the peak at 1016 cm À1 in NBP1, shifts to 925 cm À1 in NBP4. A fairly sharp but low intensity peak in the region of 710-720 cm À1 appearing in all glasses may be attributed to B-O-B (bridge) stretching vibrations. The absorption peak in the region of 460-470 cm À1 can be associated with B-O-B bending modes. In the region of the spectra studied here no specific feature is present which can be associated with vibrations due to [PbO n ] type of groupings. Modes of such groups are expected in the region of 400 cm À1 . Table 2 . The important point to note is that the MAS NMR suggests a nearly ideal value of 0.5 of the diborate composition in all glasses except in NBP glasses where it falls slightly below 0.5 in PbO rich compositions.
Considered together the results suggest that sodium diborate glass structures are affected by addition of only PbO and not by either TeO 2 or Bi 2 O 3 . Indeed TeO 2 seems to affect the diborate structure the least.
Discussion
We may first consider the nature of variation of molar volumes. From Fig. 1b the molar volume of Na 2 O- [59, 60] . In the stoichiometric diborate glass, we should expect the dominant presence of diborate units in the structure, although presence of other species is not ruled out as they would contribute towards lowering of free energies by increasing the configurational entropy. For the present purpose we assume that only diborate units play the most important role and examine our observations from that structural perspective. The structure of the diborate (DB) unit is 
2-
DB has two tetrahedral borons in bridge position and as noted earlier is a tight symmetrical geometry with no NBOs in the structure. It carries a charge of À2 which is À units. Also, the structure becomes more relaxed [41] . The clear indication of this is softening of the vibrational frequencies (particularly bending modes) which get red shifted. Such breaking open of the cyclic unit also provides more connectivity to the borate units. Thus bicyclic DB, [B 4 O 7 ] 2À unit has a connectivity of 4 while the monocyclic [B 4 O 7 ] 2À has connectivity of 6 and the chain has a connectivity of 8 without affecting the chemistry of the diborate. The opening of the DB unit therefore will be promoted when there is a demand for oxygen coordination by other atoms in the glass structure. in the unit indicates that there are three oxygens which are only coordinated but not covalently bonded to Bi. Indeed bismuth prefers six coordination positions in glasses [31] . Thus the added Bi 2 O 3 may induce breaking up of the DB units in order to fulfill its own coordination requirements. Mixed bonding may also occur through
during glass formation. The absorption frequencies in the region of 530-480 cm À1 may arise from Bi-O-B bond stretching. Presence of chains resulting from degradation of bicyclic diborate evidently helps incorporation of Bi 2 O 3 .
In the case of TeO 2 , it is well known that it forms [TeOO 2/2 ] 0 and [TeO 4/2 ] 0 units which have trigonal pyramidal (tp) and trigonal bipyramidal (tbp) structures, respectively. Te appears to prefer these coordinations. Trigonal pyramidal units form chains while tbp units can form 3D networks either by themselves or in combination with the borates. We found in our earlier studies that when the environment in the glass is more ionic [30] , it promotes tbp ! tp conversion. Thus when TeO 2 content is small (y ( 1 À y), the Na 2 B 4 O 7 host glass is quite ionic and TeO 2 prefers to form chains which slightly interweave the borate network. Such interpenetrating networks can pack near ideally as indeed the extrapolation from the initial molar volume changes as y increases shows that hypothetical TeO 2 glass has a value of 30.5 cm 3 close to its molar volume in crystalline phase (27.05 cm 3 ). In such essentially non-interacting but interpenetrating DB-TeO 2 glass structures, the spectroscopic features of the components are not expected to show any changes which is the case with NBT glasses. Since the two component structures are also gently expanded by interpenetration of the two networks, the spectra appear well resolved. As y increases the average ionicity of the glasses decrease and TeO 2 tends to form tbp structures. These structures can (1) form Te-O-B bonds or (2) may prefer to remain as TeO 2 glass of tbp structure which results again in interpenetrating DB-tellurite glass. In the latter case the spectroscopic features remain undisturbed as observed and therefore the glass may actually be only an interpenetrating tellurite-DB glass. 0 units is evident because of the appearance of 665 cm À1 peak in the IR spectra.
Therefore, in both NBB and NBT glasses, no significant chemical interaction between DB and the added oxides appears to have occurred except when y = 0.79 (NBB4 and NBT4) where such interactions may be suspected to be present to a small extent. As a consequence, there is no change in N 4 values and as is clearly borne out in Table  2 Molar volumes of NBP glasses vary non-linearly with PbO addition. In fact the largest change in volume appears to occur at lower than 25 mol% PbO (Fig. 1b) as indicated by the dotted line. From the investigated compositions it may be seen that the number of oxygen decrease from 5.5 moles in NBP1 to 2.26 moles in NBP4 (almost 59 mol% decrease). But the observed molar volumes decrease from 53. À units are present (the latter is associated with the lower frequency peak). Therefore in the present DB-PbO glasses, PbO is acting both as a modifier (low concentration) and as a network former (at higher concentration). PbO appears to disrupt the DB units and hence the borate network. As a consequence, a significant perturbation of the electron distribution is expected to result. In fact in MAS NMR the tetrahedral boron peak in NBP glasses occurs in the chemical shift range of 0. The point we wish to emphasize is, N 4 % 0.5 and simultaneous presence of [BO 2/2 O] À may not be inconsistent with the chemistry of these glasses.
Both when PbO acts as a modifier and as a network former, DB units get opened up and correspondingly the IR absorption frequencies exhibit red shifts. Unfortunately, there is no unique IR spectral feature which can be definitively associated with [PbO 4/2 ] 2À units. The variation of T g as a function of y in Fig. 6 is also consistent with the structural model. In the essentially non-interacting DB-TeO 2 system, the T g 's decrease almost linearly. We speculate that this is a reflection of gradual decrease in liquidus temperatures (not measured in our work) as a consequence of near ideal nature of mixing; T g values (T g = 2/3T liquidus ) decrease continuously. Extrapolation towards y = 0 of the T g line of NBT glasses yields a T g value of 730 K for sodium diborate glass which is in good agreement with literature values (741 K) [62] . In the slightly interacting DB-Bi 2 O 3 system, [BiO 3/2 ] 0 becomes ½BiO 3=2 O n 3 0 in the glasses. There is an initial drop in T g 's which is followed a more gradual decrease. But in the case of DB-PbO glasses the initial breaking down of DB structure when PbO acts as a modifier is revealed by a comparatively steep drop in T g . This is followed by a gradually decreasing T g in the region 0.25 6 T g 6 0.79 where new and weak boro-plumbate structure evolves.
Elastic moduli of the glasses also reflect the suggested structural changes. The variation of K and G for the pseudo-binary glass systems are shown in Fig. 3(a) and (b), respectively. In the NBT glasses the bulk moduli are expected to be determined largely by the DB network which consists of 4-connected DB units through which the tp chains of TeO 2 permeate. Hence there is a gradual decrease which for y > 0.67 begin to level off. This is because TeO 2 prefers to form tbp units which lead to weaker borotellurite network formation. In NBB glasses [BiO 3/2 ] 0 units permeate and expand the lattice. While due to expansion K tends to decrease, the increased connectivity due to formation of ½BiO 3=2 O 0 'knitting' together the interpenetrating borate-bismuthate network.
The structure of DB units are as noted earlier is broken down by PbO which behaves as a modifier leading to better packing and also ionic bonding (coulombic bonding always leads to greater cohesive energies [63] ). This is reflected in the reasonably high K values exhibited by NBP glasses even for y % 25 mol% ($36 GPa). In ionic materials, K represents energy densities [64] . In the region of 0.25 6 y 6 0.5, geometries of borate units may not undergo much change because, as noted earlier, loss of tetrahedrality of [B 4 ] À due to modifying action of PbO is perhaps compensated by formation of ½B 4 0 ð½BO 3=2 O n 1 0 Þ. Nevertheless, decrease of DB and break down of the DB network features bring down K values in the region of 0.25 6 y 6 0.5. For y > 0.5, the role of Pb changes to that of a network former which manifests in increased value of K accounting for the observed minimum in Fig. 3a .
The The bulk moduli, we noted represents the energy density, U/V m , in simple ionic materials. But, generally K varies as inverse power function of V m ; K ¼ aV Àn m . Wide ranges of n have been noted in the literature [1, 17] although no clear relation of n to the structural or bonding parameters has been established. In Fig. 13 , we have plotted ln K versus ln V m . Although there is scatter, the linear fit corresponds to K ¼ 30:6V 0:44 m . Thus there seems to be only a weak K dependence on V m , but with a positive exponent.
There have been successful efforts in the literature to calculate K of oxide glasses using the relation K exp = 0.0106Fl À3.84 [65] and compare them with the experimentally observed values. l in the above expression is the average ring size and given by n AE d M-O /p where d M-O is the metal-oxygen bond length. F is a compositionally weighted average value of force constant and equal to P i ðnxf Þ i = P i ðnxÞ i where n, x and f represents the number of bonds, the mole fraction and the M-O force constant respectively [66] [67] [68] . f is generally taken as 17/(r M-O ) 3 (md/Å ) [67] . In the present systems of glasses all the component oxides exhibit non-unique bonding and contribute differently to the total number of bonds (n). Assuming that PbO, Bi 2 O 3 and TeO 2 give rise to 2, 3 and 4 covalent bonds and form networks, we have evaluated the values of F. As shown in Fig. 14(a) the average force constant, F, decreases approximately linearly as a function of y. But as a function of ln V m , the variation of ln F (Fig. 14(b) The average ring size is also a determinant of the observed molar volume since larger ring sizes are expected to give rise to larger V m . In otherwords n may also be related to V m . If we assume that n À3.84 $ V Àt , the entire V m dependence of K can be approximated as (1) In NBT glass t = À0.61 or the influence of the average ring size in determining the K-V m relation is marginal and the exponent negative. This is consistent with the fact that TeO 2 is present essentially as interpenetrating chains in the diborate structure. The interaction between the diborate and TeO 2 networks is not very significant. Since TeO 2 is essentially a non-ring forming substitution for Na 2 B 4 O 7 in NBT glasses, the ring size dependence largely arises from the diborate units and not be much affected although the molar volume decreases. Table 4 suggest that in all glasses the dimensionality of glass structure lies between 2 and 3 which is consistent with formation of new [PbO 4/2 ] 2À network for y > 0.5 in NBP glasses and new Bi-O-Bi involving features in NBB glasses. There are increasing trends observed above y = 0.5 in these glasses. D parameter drops continuously in NBT glasses which is as it should be, because continuously Table 4 The code, energy density ðU 0 m Þ, Young's modulus (E) (theoretical and experimental), fractal connectivity parameter (D) and Poisson's ratio (theoretical and experimental) The other two moduli, namely E and L exhibit trends similar to the bulk moduli values. The relation of E ¼ 2U 0 m V t where V t is the packing factor [37] has been tested using U Table 4 . The trends are consistent in all the three glass systems, although the absolute values are not.
The magnitudes of Poisson's ratio (r) (Fig. 4 and Table 3 ) are surprisingly low in most of the glasses and in NBB and NBT glasses it lie in a very narrow range consistent with their value in DB glass. NBP glasses exhibit a minimum consistent with the dip in the moduli. The break down of the DB structure due to modification and rebuilding of network features at higher PbO concentration is reflected through the occurrence of a minimum in r. Resistance to readjustments in volumes (due to tangential strain) is most pronounced in degraded intermediate concentrations. We may note that the minimum in r is expected since r to converge for the pure diborate composition, y = 0. There is a slight and continuously increasing value of r in NBT glasses which indicates increasingly weakened coupling between diborate and tellurite networks. The relation r = 0.5 À 0.139/V t often used in the literature [71] holds good only approximately which is given as r theort. in Table 4 .
Debye temperatures decrease in each of the series as expected because of the introduction of heavy elements. The emergence of low frequency vibrational modes in the IR spectra in Figs. 7-9 is generally in evidence since there is a clear shift of absorption towards lower frequencies with increasing y. h D represents the temperature at which all the low frequency 'lattice' vibrational modes are excited. In general therefore behaviour of h D is consistent with the structural model of the glass where PbO is considered as affecting most the diborate structure particularly for y 6 25 mol%.
Conclusions
Pseudo-binary diborate glasses with PbO, Bi 2 O 3 and TeO 2 have been investigated. On the basis of the infrared, MAS NMR data it is proposed that the glass structure corresponds to a network formed by four connected tightly bound bicyclic diborate units. Bi 2 O 3 and TeO 2 interweave into this structure till their mole fractions exceed 0.67. PbO however is suggested to break open the diborate units. While it acts as a modifier for mole fractions up to $50%, it begins to act like a network former for higher mole fractions. It is shown that molar volumes, bulk and shear moduli, Poisson's ratio, Debye temperatures and the glass transition temperatures vary as a function of the mole fraction of PbO/Bi 2 O 3 /TeO 2 in a manner consistent with the above model.
